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Next, substitute V^^ in the KCL equation (5.42), to obtain 

2.[2-(V,«-l).(a5K,«-0.55)-(0.5V,;,~a55f]=i (2.95)^ 
The solution of this simple quadratic equation yields two values for Vf„ . 

_f-0.35 V 
12.43 V 



where « 2.43 V is the physically correct sol ution. Theoutput voltage level at this point 
is calculated as 

1/^=0.5 ^ 43-0.55 = 0. 67 V 

With tfiis updatedouQjut voltage value, we can now reevaluate the load threshold volugc 
^ yr^M^Yc^ = 0.67 V) = -2.9 V. and the {dVr^,^ / V^J value as 



TJoad . 



>0.18 



Note both of these values art fairly close to those used at the bcginmng of this iteration 
process. Relating the iterative calculation wUl provide only a marginal ixm)rovemenlof 
accuracy, tiius, we may accept = 2.43 V as a good cstinaate, 

hi conclusion, the noise margins for high signal levels and for low signal levels can be 
found as follows: 

AWf« = Kw-V}|,=2.57V 



I'.: 



5.4* CMOS Inverter 

Mlof theinvertercircuits considered so for had the general circuit structure shown in Fig 
5.3. consisting of an enhancement-type nMOS driver transistor and a load device which 
can be a resistor, an enhancement-type nMOS transistor, or a depleuon-type nMOS 
transistoi: acting as a nonlinear lesistor. In this general configuration, the input signal is 
always applied to the gate of the driver transistor, and the operation of the mverter is 
controUcd primarily by switchingthodriver.Now,wewiUturnour attention toaradicd^^ 

different inverter structure, which consists of an enhancement-type nMOS transistor and 
an enhancement-type pMOS transistor, operating in complementary mode (Fig. 5.16). 
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This configuration is called CompJcmcntary MOS (CMOS). The circuit topology is 
vi vl^^^^ : icompleznentary push-pull in the sense that for high input, the nMOS transistor drives 
.(^Ib down) the output node while thepMOS transistor acts as the load, and for low input 
• the pMOS transistor drives (pulls op) the output node while the nMOS transistor acts as 
die load. Consequently, hoth devices contribute equally to the chcuit operation charac- 
teristics. 
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Figftrt 5.16* (a) CMOS inverter circuit, (b) Simf^fied view of the CMOS invoter, consisting 
of two complementary oonideal switches. 



I 



The CMOS inverter has two important advantages over the other inverter configu- 
rations. The first and perhaps the most important advantage is that the steady-state power 
dissipation of tiie CMOS inverter circuit is virtually negligible, except for small power 
dissipatton due to leakage cuiients* In all other inverter structures examined so far, a 
nonzero steady-state current is drawn from the power source when the driver transistor 
is turned on, which results in a significant DC power consumption. The other advantages 
of the CMOS configuration are that the voltage transfer characteristic (VTC) exhibits a 
f\ill output voltage swing between 0 V and V^^^» and that the VTC transition is usually very 
sharp. Thus, the VTC of the CMOS inverter resembles that of an ideal inverter. 

Since nMOS and pMOS transistors must be fabricated on the same chip side- by-side, 
the CMOS process is more complex than the standard nMOS-only process. In particular, 
the CMOS process must provide an n- type substrate for the pMOS transistors and a p- type 
substrate for the nMOS transistors. This can be Gu;hieved by building either n-type tubs 
(wells) on a p-type wafer, or by building p-type tubs on an n-type wafer (cf . Chapter 2). 
In addition, the close proximity of an nMOS and a pMOS transistor may lead to the 
formation of two parasitic bipolar transistors, causing a lafch-up condition. In order to 
prevent this undesi rabl e effect, additional suard rings must be built around the nMOS and 
the pMOS transistors as well (cf. Chapter 13). The increased process complexity of 
CMOS fabrication may be considered as the price being paid for the improvements 
achieved in power consumption and noise margins. 
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Circuit Operation 

m Fig. 5.16, note that the input voltage is connected to the gate .3 
nMol «nd the pMOS tra.«istors. IHus, both transistors "^^^^^^^^^^^^^S^Jh^^^^^^^ ; 
signal, V^. The substrate of the nMOS transistor is connected to *e B~und. wh.le^ , 
sub^trkteofthepMOS transistor is connected to ti^epo,.ersu^ly^^^^ 

to reverse-bias the source and drain junctions. Since Vjo^ Ofor boUi 
Snosubstrate-blascffectforeitherdevice.Itcanbeseenfiom.hecu«uUd.agraminF.g. 

5. 16 that 



and also. 



VGS.p=-{^DD-yu,) 



(5.51) 



<?.52) 



WewiUstanour analysis by considering two simplecas^-Whenm^^ 

is smaller than tfie nMOS threshold voltage. I.e.. when < V , ^^^^f^J^^^' 
S cutK,ff. At the same time, the pMOS transistor is on. operatmg " ^^^-f*^^ 
Since the drain currents of both transistors are approximately equal to zero (except for 
small leakage cuneots). i.e.. 



(5.53) 



the drain-to-sou«:e voltage of the pMOS transistor is also equal to zero, and the output 
voltage VoH •*> P""*' ""^P'^ voltage. 



(554) 



on the other hand, v^hen the input voltage exceeds C W'^-'J^^^S JSi- 
nimed off. In this case, the nMOS transistor is operatmg m the lmwn^on^mite*a^n 
S^voltageisequaltozerobec.«secondliion(553)issat.rfied.Consequenay.the 

output voltage of the circuit is 

Next, we examine the operating modes of the nMOS and the P^OS y MStowas 
of the input and output voltages. The nMOS transistor operate, m «*un«to« 
if v,^ > ^ W If the following cooditioo is satisfied. 



(556) 
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The pMOS tranastor operates in saturation if V^^ < iVp^ + V^^p' ' 
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(5.53) 
output 

(5.54) 

istoris 
.drain- 
tly.the 
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InputVoltage (V) 



Figtir€ 5.17. Operating re^ons of the dMOS and the pMOS tnuuistors. 

Both of these conditions for device saturation are iUustratad graphically as shaded areas 
ontheV planeinFig.5J7.AtypicalCMOSinvcrterYoltagetransfer 
is also stiperimposed for easy reference. Here, we identify five distinct regions, labded 
A through E, each corresponding to a different set of operatmg conditions. The taWc 
bdow lists Aese regions and the corresponding critical input and output voltage Icvds. 



M OS Invciters: 
Static 
Characteristics 



(5.55) 
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176 IQ Region A. where < „, the nMOS transistor is cut-off and the output voltage 

is equal to Vo„= V^^. As the input voltage is increased beyond (into Region a), the 

CHAPTER 5 nMOS transistor starts conducting in saturation mode and the output joltage begins to 
decrease. Also note that the critical voltage V^j, which corresponds to {dV /rf v,^ - - 1 
is located within Region B. As the output voltage further decreases, the pMOS transistor 
enters saturation at the boundaiy of Region C. It is seen from Fig. 5.17 that the inv«ater 
threshold voltage, where = V^,, is located in Region C. When the output voltage 
falls below (y,„ - V„J. the nMOS transistor starts to operate in linear mode This 
corresponds to Region D in Fig. 5-17. where the critical voltage point with (dV / 
dVi^)=-l is also located. Finally, in RegtonE. with the input voltage V„> {.Voo* yn^' 
the pMOS transistor is cut-off, and the output voltage is V^^ =» 0. 

In a simplistic analogy, the nMOS and the pMOS transistors can be seen as nearly 
idealswitches-controlled by the input voltage- that connect the output node to thepower 
supply volttge or to the ground potential, depending on the input voltage level The 
quaUtative overview of circuit operation, illustrated in Fig. 5.17 and discussed above, 
also highlights the complementary nature of the CMOS inverter. The most sigmficant 
feature of this circuit is that the current drawn from the power supply la both of Ibese 
steady-state operating points, i.e.. in Region A and in Region E. is nearly equal to aero. 
The only current that flows in either case is the vwy sraaU leakage current of the reverse- 
biased source and drain junctions. The CMOS inverter can drive any load, such as 
interconnect capacitance, or fimout logic gates which are connected to its output node, 
either by supplying current to the load, or by slnkiDg current from the load. 

The steady-state input-output voltage characteristics of the CMOS inverter can be 
better visualizedby considering the interaction of individual nMOS and pMOS transistor 
chaiactetistlcs in the cutrcnt-voltage space. We already know tfiat the drain ctirnMl^ 
of die nMOS transistor is a function of the voltages V^sj, yos^- Hence, the nMOS 
drain cunenl is also a function of the inverter input and output voltages and V^, 
according to (5.5 1). 

'o,« —f{yin ' Youiy 

This two-variable flmction, which is essentially dcscribedbythecurrent equations (3.54) 
through (3.56), can beiepresented as tisurface in die tiiree-dimensional current-voltBge 
space. Figure 5. 18 shows this loJY^ , VJf surface for the nMOS transwtor. 

Similarly, tiie drain current of die pMOS transistor is also a ftmctlon of the 
inverter input and output voltages and V^, according to (5.52). 

This two- variable function, described by the current equations (3.57) through (3.59), can 
be represented as another surface in the three-dimensional cuiient-vollage space. Figure 
5,19 shows the coiresponding l^ {Vf„ . surface for the pMOS nransistor. 
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Pigun5.t8. QiiTeiil-volt«gesaifkK»re|Hesenting die nMOS transistor chanct^ 
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Figure 5.19. Current-voltage surface representing the pMOS transistor characteristics. 
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Figuf 5.20. IntersocdoBof the cunwt-voteage surfaces shown in Figures 5.18 ««! 
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Fig^e 5.21. Tbc iatersectiog currcDt-vol»j« surftccs shown « *f ^j*"}. 
Notice that projection of the intereection curve on the voltage plane gives the V 
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Remember that in a CMOS inverter operating in steady^state, the drain current of the 
oMOS transistCH- is always equal to the dnun current of the pMOS transistor^ according 
toKCL. 

Urns, the intersection of the two current- voltage surfaces shown in Figs. 5.18 and 5.19 
will give the operating curve of the CMOS inverter circuit in the three-dimensional 
ctirrent- voltage space. The intersection of the two characteristic surfaces is shown in Fig. 
5.20. The intersecting surfaces are shown from adifferent viewing angieinFig.5.21, with 
the intersecdon curve highlighted in bold. 

Itisclear^tthe.verticalprojectionof dicintersecdoncurveonthe V]^- plane 
produces the typical CMOS inverter voltage transfer characteristic already shown in Fig. 
5.17. Shnilarly, the horizontal projection of tiiie intersection curve on the - plane 
gives the steady-state current drawn by the inverter from the power supply voltage as a 
function of the input voltage. In the following, we will present an in-depth analysis of the 
CMOS inverter static characteristics, by calculating the critical volta^ points on the 
VTC. It has already been established that and V^j^ = 0 for this inverter; thus, 

we will devote our attention to K^^, V^^ and die inverter switching threshold, V^. 

CaicuJaHon cfV^^ 

By definition, the slope of the VTC is equal to (-1), i.e-, dV^ I JV^ = -1 when die input 
ventage is K^s K^^. Note that in this case, the nMOS tramistor operates in saturation white 
thepMOS transistor oprerates in tbelinear r^on. Fn»n/p^»/^^^, we obtain the following 
current equation: 

\\yos.n -^ro.«r--^'[2 (v«5.p - Vro.,). Vp- W] <5.58) 
Using equations (5.51) and (5.52), (his expression can be rewritten as 
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|-(n.-Vro.,)'=^[2-(T^„-V^„-Vr<,.^) 



(5^9) 



wing angle. 



To satisfy the derivative condition at V^, wediif erentiate both sides of (5 .59) with respect 



(5.60) 
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SubsticuUng V,„ . V,, and (dV^/<^ V = -I in (5.60). we obtain 



The critical voltage V,^ can now be found as a 
follows: 



(5.61) ;^ 

function of the output voltage V^. as 



9i/;,„, + Wnp-ynD-»-^«yro.B 



(5.62) 



where is defined as 



A 



T 

e: 

V 

ii 
c 



CalcutaUon of V^g ^ ^^^^ 

and the 
obtdn 



^•l2(l'«.->'™.)tW-Wl=^K'-''™')' 



Now, differentiate 



ittte both sides of (5.64) with respect to V^. 



(5.63) 



(5.64) 



(5.65) 



Substituting ~ 



. V.„ and idV^idVj = -1 in (5-65). we obtain 



PAGE 10/29 * RCVD AT »22/2006 1 :37:47 PM [Eastern Daytight Time] * SVR:USPTO-EFXRF-1i14 " DNIS:2738300 " CSID: 70351 85499 " DURATION (mnn-ss):23-26" 



Q 6/22/-20Q6 THU 13:42 PAX 7 0351 8 54 9 9 . B|0 34/ 0 5 2 



The critical voltage K,^ can now be found as a function of K^, as foiiows: 



(5.66) 



(5.67) 



Again, this equation must be solved simultaneously with the KCL equation (5.64) to 



obtain die numerical values of and V^, 
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Caicuiation of 

The inverter threshold voltage is defined as V;^ = = V^,, Since the CMOS inverter 
exhibits large noise margins and a very sharp VTC transition, the inverter threshold 
voltage emerges as an important parameter characterizing the DC performance of the 
inverter. For V)^ s K , both transistors are expected to be in saturation mode; hence, we 
can write the following KCL equation. 



Replacing K^^^ and V^g^ in (5.68) according to (5.51) and (5,52), we obtain 
The correct solution for for this equation is 

Finally, the inverter threshold (switching threshold) voltage is found 



(5.68> 



(5.69) 



(5.70) 



(5.71) 
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.^r. ^.ot/-V«V ..When the input 
Note that the inverter threshold voltage « defiaed ^ ^^j" ^Stually attain any 
voltage is equal to ho*ev« '.e find th« ti^e o^^^^^ voltage conditions 
valuebetween(V.,-V^.„)and(V,,-yj^ .^tho^vio^^ 

in this analysis. This is due to the fact that Ae VT^^^^^ ^odulaOon effect is 

iD Fig. 5.17 becomes completely vertical if ^TtC segment in Region 

'.ILgl^ted. i.e., if A = 0. in more realistic cases wuh A > 0 *e VTC^^g^^ ^ .^^^^.^ 
Ccxhibitsafinite. but very large, slope Figure 5-22^ho^^^ 
(switching) threshold voltage as a funcuon of the transconcu 
fixed values of V/^, Vj^ and Vj^j,. 
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being drawn from the power "^^^^^.^^^ZZi both trListots are operating 
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CMOS inverter can, by virtue of its coraplementaiy push-pull operating mode, provide 
a full output voltage swing between 0 and and therefore, the noi^e margins are 
relatively wide. Thus, the problem of designing a CMOS inverter can be reduced to 
setting the inverter threshold to a desired voltage value. 
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fX^rv 5.23. Typical VTC and the power supply current of a CMOS inverter circuit 

Given the power supply voltage V^^» the nMOS and the pMOS transistor threshold 
voltages^ and die desired inverter threshold voltage V^, the corresponding ratio k^^ can be 
found as follows. Reorganizing (5.7 1) yields 



Now solve for kf^ that is required to achieve the given K,^. 

Recall that the switching threshold voltage of an idetd invoter ia defined as 



(5.72) 



(5.73) 



(5.74) 



m 
1 
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Substituting (5.74) In (5.73) gives 



^k^ ( O^SVoo^VroA ^ 



(5,75) 



for a near-ideal CMOS VTC that satisfies the condition (5.74). Since the operations of 'W^: 
the nMOS and the pMOS transistors of the CMOS inverts are fully complementary » wc |^ 
can achieve completely symmetric input-output characteristics by setting the threshold 
voltages as = = [Vj^^l This reduces (5.75) to: 



= 1 



(5.76) 



Note that the ratio kg is defined as 



(5.77) 



assuming that the gale oxide thickness t^^, and hence, the gate oxide capacitance have 
the same value for both nMOS and pMOS transistCHS. Hie unity-ratio condition (5.76) for 
the ideal symmetric inverter requires that 



Hence, 



[iV- 



fip 230 cmVV'S 



580 cm^/Vs 



(5.78) 



(5,79) 



It should be noted that the numerical values used in (5.7 8) for electron and hole mobilities 
are typical values, and that exact and fL values will vary with surface dopmg 
concentrationof the substrate and themb. The VTCs of three CMOS invertwcifcmts widi 
different ifc^ ratios are shown in Fig. 5.24. It can be seen clearly that the inverter threshold 
voltage shifts to lower values with increasing ratio. 
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Figure 5.24, Voltage Uansfer characteristics of tfirce CMOS inveiteis, with different nMOS-to- 
pMOS ratios. 

For a symmetric CMOS inverter with V^^ ^ - |V^^| and « 1, the critical voltage 
V„ can be found, using (5.62), as follows: 



Also, the criticai voltage V„ is found as 



(5.80) 



(5.81) 



Note that the sum of V,^ and V,^ is always equal to Vp^ in a symmetric inv^er. 



(5.82) 



The noise margins NM^ and NM^ for this symmetric CMOS inverter are now calculated 
using (5.3) and (5.4). 
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which arc equal to eadi other, and also to V,^. 



(5.83) 



(5:84) 



Example 5.4 

Consider a CMOS inverter circuit with the following parametm^ : 

= 200 jiA/V^ 
Jt^=80^tAA^ 

Calcjilate the ncMse margins of the circuit. Notice that the CMOS inverter being 
considered here has = 2.5 and V^^ | V^^|; hence, it is not a symmetric inverter. 

First, the output low voltage and the output high voltage arc found, using (5,54) 
and (5.55) , as V^^ = 0 and V^^ = 5 V, To calculate V^^ in terms of the output voltage, wc 
use (5.62). 



^"■^ 

g^Kw ~^'^^^^'*"^^sa57v -0.71 
1+Z5 

Now substitute this expression into the K(X equation (5.59). 

2.5(a57V«^~0.71-0.6f =2(0,57 V^-0.71-i3+a7)(V^-3.3)-(V^-^ 
This expression yields a sccond-ordcr polynomial in V^, as follows: 

a66K«,*+0.05V«, -665=0 
Only one root of this quadratic equation corresponds to a physically correct solution for 
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ov«^ power di^sipationof any digiUl circuit isasuong^^^^^^^^ 
V^WUhthegrowing trend for rcducingtbepowerd.ss.p«^^^^^^ 

systems and specially in portable *PP»"ti<>"*^'«^"T"J^' '^^Sf^^ 
^pply voltage emerges as one of ^^J^f^^^^^^ 

design. WhUesuch reductton i3 usually ''^'^^9^^^^^^ context, it is quite 

be addessed so that the system performance is not Z^^^ VTC of simple 

relevant to explore the influence of supply voltage scaling upon the v 
CMOS inverter circuits. .v.ofr.rV V and indeed show 

The expressions we have developed .a this section for ^^-J^^^^ "^^^ 
that the stailc charactenstics of *e C^OS "verter ^low s»^^^^^^ 
supply voltage without affecting the functionality of he basic inverw^ ^/cMOS 
sec'Jnd-order'effects such as subthreshold <?"*t^2' 't^lc^^^^ >ow as the 
inverter will continue to operate correctly with a supply voltage wnicn » 

following limit value. 

(5.85) 



Attn . 



openaes as an taverter over a large range of supply voltages levels. 
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.1.0V 



.-t,OV 



voo-«ov 



-Vtoji-^!Vtp.pI 



0 12 3*^ 

Input VoltaQo (V) 

Fi,ure5,2S. Voltage transf^characterisdcs of a CMOS i«ve«er.obt«ned with differem^^ 
supply voltege levels. 
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It is interesting to note that the CMOS inverter will continue to operate, albeit 
somewhat differently, even beyond the limit described in (5.85). If the power supply 
voltage is reduced belcw the sum of the two threshold voltages, the VTC will contain a 
region in which none of the transistors is conductiong. The output voltage level within 
this region is then detennined by the previous state of theoutput, since theprevious output 
level is always preserved as stored charge at the output node. Thus, the VTC exhibits a 
hysteresis behavior for very low supply voltage levels, which is illustrated in Fig. 5.26. 
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""out 




Fi^re S,26. Voltagelransfercharacteristicof a CMOS inverter, operated with a supply voltage 
which is lower than the linoit given in (5.85). 



Power and Area Considerations 

Since the CMOS inverter does not draw any significant current from the power source in 
both of its steady-state operating points (V^ = V^^^ and V^^ = V^J, the DC power 
dissipation of this circuit is almost negligible. The drain current that flows through the 
nMOS and the pMOS transistors in both cases is essentially limited to the reverse leakage 
current of the source and drain pn-junctions. and in short-channel MOSFETs, the 
relatively small subthreshold current. This unique property of the CMOS inverter was 
already identified as one of the most important advantages of this configuration. In many 
applications requiring a low overall power consumption, CMOS is preferred over other 
cifcuit alternatives for this reason. It must be noted, however, that the CMOS inverter 
docs conduct a significant amount of cunrent during a switching event, i.e., when the 
output voltage changes from a low to high state* or from a high to low state. The detailed 
calculation of this dynamic power dissipation will be examined in Chapters 6 and 1 1 . 
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5.^7. TVo san,>.e Uyo«ts of CMOS inverts circ«i« (for ^.yi- subsu^ie). 
CKC8. it is assumed that thecircuit IS bejngbuiU^ 

set approximately equal to unity. in orevious sections, the CMOS 

Compared to other inverter '-y°""^^r'^»,„"'Xarea.tt^ 

lnverte^ho>vninPig.5.27don«oc«upysi^^^^y^^ dn-^^ 

of the febrication process (creating ""^^.J^^^^k for the inverter example. 

and drain diffusions, etc.) appears to ''•.^^"Jf^S^^iSoration. however. CMOS 

Becat^e of the «oniplementa^^t^f a.an 

random logic circuits require "^^^ dJoSloric circuits tend to occupy m^^ 

their nMOS counterparts- ^^'"^I'V***^; .?2r««anStly affects the Integrationdensity of 
thancomparablenMOSloglccircuits. whichapp^t^^^ on the other hand, is 

pwe-CMOS logic. The actual i~t«8«'»o»^""'^;^S 
Cted by power dissipation and heat generauon problems. 
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^^^s':^zXoVi:ss'':^^^ '""p-^^ is .bout 2^ „ J 

between the delay times iT^iZ^TV ^^^'^^'^'^'^^'^^^fi^enc. 
distribution of SsSs ySiS ^i: """^ ^7"°"'"^ "0"^^^'^ 
model of this no^foro Z^^lF?r "^^"^ simple T- 

more accurate transient . ^ . T-modcl again yields a significant! 



6.7. Switching Power Dissipation of CMOS Inverters 



power. In the foUowimr section • T '"^"^ter inevitably dissipates 

consumption of the cK.av^' expressions for the <^y«uaic p5^ 

transistor. Thn»,tS«5MX^S!^„^^^ " ^i>^^ through the nMol 
transistor Wl««^rt»V^ .^^^^""'**®*°**^'^"«<3toincuiremofthen^ 

outputloadcapaciSk^C S'J^f,^^^^^ «»d«ctiag. During this phase, the 
-capacitor^ente^tL^r^ 




Figur.6.2Z CMOS inverter used in the dymunicpaw.rslisslp.tioi. 



analysis. 
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Assumingperiodictoput and output waveforms, tfaeaverage power di^ 
device over one pedod can be found as IbUows: 
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(6.66) 



MOS Inverters: 
Switching 
Chaiactedstics 
and iDtecoonnect 
Effects 



Sinceduiing switching, tfaenMOS transistor and thepMOS tninsistorin aCMOS inverter 
conduct cunrent for one-half period each, the average power dissipaticm of the CMOS 
inverter can be calculated as the power required to chaise up and charge down the output 
load capacitance. 



y 




Figure IVi^l inpm and output voltage wavefonns and the capacitor current wavef^^ 
during switching of the CMOS mverter. 

+ lljyoo'y<^)[cu^^yt^ (6.67) 
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Evaluating the integrals in (6.67), we obtain 



org 



(6.68) 



Noting that/a I/r, this expression can also be written as: 



(6.69) 



(6,70) 



It is clear that the avmge power dissipation of the CMOS inverts is pn^itional 
to the switching fiequetwy/ Therefore, the low-power advantage of CMOS circuits 
becomes less prominent in high-speed operation, where the switching frequency is high- 
Also note that the average power dissipation is indqjendcnt of all transistor characteris- 
tics and transistorsizes. ConsequenUy, the swttchingdelay times havenorelevanceto the 
amount of power consumption during the switching events. The reason for this is Oiat the 
switching power is solely dissipated for charging and^chafgingtheou^tcapacitanoe 
V^^ to V^jf, and vice versa. 
For this reason, the switching power expression derived tor the c:MOS inverter also 
applies to all goieial CMOS circuits, as shown in Fig. 6.29. A general CMOS logiccircuit 



T 



PMOS 




F^ure^29. Oeneralized CMOS logic ciicuit. 
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consists of an nMOS logic block between the output node and the ground, and a pMOS 
logic block between the output and V^^. As in the simple CMOS inverter case, either the 
pMOS block or the nMOS block can conduct depending on the input voltage combina- 
tion, but not both at the same time. Therefore, switching power is again dissipated solely 
for charging and discharging the output capacitance. 

To summarize, if the total parasitic capacitance in the circuit can be lumped at the 
output node with reasonable accuracy, if the output voltage swing is between 0 and V^^, 
and if the input voltage waveforms are assumed to be ideal step inputs, the average 
switching power expression (6.70) will hold for any CMOS logic circuit. 

Mote that under realistic conditions, when the input voltage waveform deviates from 
ideal step input and has nonzero rise and fall times, for example, both the nMOS and the 
pMOS transistor will simultaneously conduct a certain amount of current during the 
switching event. This is called the shoit-circuit current, since in this case, the two 
transistors temporarily form a conducting path between the V]qo and the ground. The 
additional powerdissipation, which isdue to the shon-^ircuitconieiit, cannot 
by the power-dissEpation formula (6.70) derived above, since the short-circuit current is 
not being utilized to charge or discharge the output load capacitor. We must be aware that 
this additional power-dissipation term can be quite significant under some nonideal 
cofiditions. If the load capacitance is increased, on the other hand, the short-circuit 
dissipation term usually becomes negligible in comparison to the power dissipation 
which is due to the charging/discharging of capacitances. 

Power Meter Simulation 

In the following, we present a simple circuit simulation approach which can be used to 
estimate the average power dissipation of arbitrary circuits (including the effects of short 
circuit and leakage currents), under realistic operating conditions. According to (6,66), 
the average power dissipation of any device or circuit which is driven by a periodic input 
waveform can be found by integrating the product of its instantaneous teiminal voltage 
and its instantaneous tmninai current over one period. If we have to determine the 
amount ofP^ drawn from the power supply over one period, the problem is reduced lo 
finduigonly the time-avenge of thepower supply currenttsince the power supply voltage 
is a constant 

Using a simple simulation model called thepowermeter, we can estimate the average 
power dissipation of an arbitrary device or circuit driven by a periodic input, with 
transient circuit simulation. Consider the circuit structure shown in Fig< 6.30. in which 
a zero-volt independent voltage source is connected in series with the power supply 
voltage source V^^ of the device or circuit in question. Consequently, the instantaneous 
power supply current f^(r) which is beingdrawnby Che circuit will also pass through the 
zero-volt voltage source, j/r) = ipp(th 

The power meter circuit consists of three elements: a linear current-controlled 
current source, a capacitor, and a resistor, all connected in parallel. The current equation 
for the common node of the power meter circuit can be written as follows: 
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(6.71) 
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where C. represents the parasitic capacitance associated with each node .n the circu.t 
OncTudin'g tJe output node) and a,, rep«»cnts the conesponding node transition factor 
Associated with thltnode-HenceZtenns in thepa«^nthesesin(11.5)R^^^^ 

amount of charge which is drawn from the power s«pply dunng each ^w'*"^"* 
mae(ll^)isatnoreexactiepresentationoftheswitchingpowerdissipatiomnaCMOS 

S gat«^. its evaluation may be relatively complicated. Hiereforc we will mamly rely 
on ( 1 1 .4) to express the switching power dissipation in CMOS logic circuits. 

Observations on Switching Power Reduction 

Bxpi«ssions(11.4)and(ll.S)derived above for theaverage switching power dissipaUon 
of S^OSloic gates suggestthatwehaveseveraldifferentme8nsforreduc.ngthe^ 
comumption. These meas«icsinclude(i)cedaction of thepower supply vo^^^ 
reduction of the voltage swing in aH nodes, (i«) reduction of the ^'^^J '^S P^^^»J 
(transition factor) and <iv) reduction of the load capacitance. A«t the^^^^hmg 
Uvwdissipation is alsoalinearfunctionofthe clock frequency.yctsunplyre*^^ 
frequency would significantty diminish the overall system performance. TTius, the 
reduction of clock frequency would be a viable option only in cases where the overall 
throughput of the system can be maintained by other means. 

Thereductionofpower supply volUgeisoneofthemost widely |«a«.ced»^^ 
for low-powadesign. While such reduction is usually very effeeuv^^sevendi^^^ 

issues nnet be addressed so that the system performance .s not sacrificed, fa particular, 
we need toconsiderthat reducing thepower supply voltap leads to an incre^^^^^ 
Also.theinputandoutpatsigndlevd8ofalow-voltagecirciutormodulc8houldbe^^ 

compatiblewiththeperiphendciicuitry.inordertomaintamco^ 

The reduction of switching activity requires a detailed analysis of «gna transition 
piobabiUties. and implementation of various circuit-level and system-level measx^ 
SSh as logicoptimizion.useofgatedclock signals andpreveritionofglitch^^ 
SLload^acLce can berednced by using certain circuitdesigns^^^^ 
transistorXing. These and other methods for the reductKm of switchmg power dissipa- 
tion will be examined in detail in the following SecUons. 

ShmuGrcttit Power Dissipation 

TTie switching power dissipation examined above is purely due to the ene^ required to 
S^e up th! parasitic lid capacitances in the circuit, and the »w.tc*mg power is 
SSendenl of die rise and fall times of the input signals. Yet. if a CMOS invert^ a 
ogfcg»te)isdriven with input voltage waveftorms with fmiteriseand fall t.^^ 

nwSs and the pMOS transistors in the ciicuit may conduct simultaneously for a short 
Imountoftimeduringswltching.formingadirectcurrentpath between tfiepower supply 

and the eround, as shown in Fig, 1 1 »4, * j 

The^entcomponemwhichpassesthK>ughboththenMOSandihepMOS^^^ 

during switchingdoes not contribute to thechargingofthecapacitancesmthecircuit. and 
hence it is called the short^ircuU current component. This component is especially 
prevalent if the output load capacitance is small, and/or if the input ^g"^^ 
times are large, as seen in Fig, 11.5. Here, the input/output voltage waveforms and the 
S^entsofthecunentdrawnftomlhepowersupply are illustrated forasymm^^ 
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Figure 11.4. Both nMOS and pMOS transistor may conduct (simultaneously) a short-cifcuit 
current dunng switching. 

CMOS inverter with small capacitive load. The nMOS transistor in the circuit starts 
conductmg when die rising input voltage exceeds the threshold voltage VL . The pMOS 
transistor remains on until the input reaches the voltage level (K^ - 1 V-J), Thus, there 
IS a time window during which both tnmsistofs ans turned on. As the ou^t capacitance 
IS discharged through the nMOS transistor, the output voltage starts to fall. The drain-to- 
source voltage drop of the pMOS transistor becomes nomscro. which allows the pMOS 
transistor to conduct as well. The short circoit cumnt is terminated when the input 
voltage transition is completed and the pMOS transistor is turned off, A similar event is 
icsponsible for the short-circuit current component during the falling input transition, 
when the output voltage starts rising while bodi transistors are on. 

Note that die magnitude of the shoit^hcuit current conqionent will be aj^oxi- 
mately the same during both the rising-input transition and die faUiiig.ii^)ut transition, 
aiming that the inverter is symmetrical and die Input rise and &U times are identical. 
The pMOS transistor also conducts the cunmt which is needed to charge up the small 
output load capacitance, but only during the feUing-inpat transition (die output capaci- 
tance IS discharged dirough die nMOS device during die rising-input transition). This 
currentcomponeni^whichisresponsibleforUieswitcWngpowerdis&ipationoftheciR^^ 
(current component to charge up die load capacitance), is also shown in Fig. 1 1.5. The 
average of botii of thesecurrent components determines die total amount of power drawn 
from the supply. 

Fora8lmpleanalysisconsiderasymmetricCM0StnverterwidiA:^=it z^kaaid VI 
^ WtjA * and with a very small capacitive load. If the inverter is driven widi an inp^t 
voltage waveform with equal rise and fall times (T^,= t), it canbedcrived that die 
tune-averaged short circuit current drawn from die poww supply is 
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Figure 11^. Input-output voltage wavefonns. the supply cuirent used to change up 
capacitance and the short-ciicuit cunent in a CMOS inverter with small capadtive load. ' 
ciuic&t drawn ftoxn the power supply is the sum of both cuneztt components. 

Hence, tlie short-circuit power dissipation becomes 

Note that the short-circuit power dissipation is linearly proportional to the in 
rise and fall times, and also to the transconductancc of the transistors. Hence, ^ 
the input transition times will decrease the short-circuit current component. 
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InpHt-<witpiit volWge wavefotms. (he supply cuneat used (o diaige no die load 
cq»«dtan« and the sluWKrfrcuit cuntrt in a CMOS li^^ 

oansitwn limefc The total cunort drawn fiom 1^ 
cfaatse-upcuneiK. 

Now consider tfae same CMOS Inverter with a lai^ output load capacitance and 
smaller input transition times. During tfae rising input transition, the output voltage wiU 
effecuvely remam at V^^ untU the input voltage completes its swing and the output wiU 
^ ^ reached its final value. Allfaough bodi nMOS and 

pMOS transistors are on simultaneously during the transition, the pMOS transistor 
cannot conduct a significant amount of current since the voltage drop between its source 
and drain terminals is almost zero. Similarly, tfae output voltage will remain at appnwi- 
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mately 0 V during the faUing input transition and it will start to riseonly after the m 
voltage completes its swing. Again . both t«msistors will be on simultaneously f-nng AgS 
input voltage tninsition. yet the nMOS transistor will not be able to conduct a signif.cao^ 
amount of current siiKje its drain-to-souice voltage is approximately zero. This siUiau^ 
is illustrated inFig.ll.6.whichshowsthesimulated input andoutput voltage wavefor- 

of the inverter as weU as the shoit-cireuit and dynamic current components drawn tr. 
thepowersupply.NoUcethatthepeakvalueofthe supply current to chargeuptheou^ 

loadaipacitance is larger in this case. The reason for this is that the pMOS transia 
remains in saturation during the entire input transition, as opposed to the previous 
shown in Fig. 11.5 where d»e transistor lesves the saturaUon region before the inf 
transition is completed. 

The discussion concerning the magnitude of the short-crcuU current may sugg 
that the short-circnit power dissipation can be reduced by making the output volt- 
tiansiUon times larger and/or by making the input voltage transition tmies smaUcr. 
tbis goal should be balanced caieMly against other performance goals s""* ^P™Pf 
tion delay, and the reduction of the short-circuit current should be considered as one ( 
die many design lequifements that must be satisfied by the designer. 

iMkage Power DbsipaAm 

TTie nMOS and pMOS transistors used in a CMOS logic gate generally have nor 
revei«leakageandsubthresholdcur««ts.lnaCMOSVLSIchipcontaimnga^^^ 
numberof transistors, tiiesecunents can contribulB to theoverall power dissipauone^ 

when the tiansistois are not undergoing any switching event The magnitude ol i 
leakara currents is determined mainly by Ae processing parami^. 

W the two main leakage eunent components in a MOSFET^ 
leakage occurs when die pn-junction between the drain and the bulk of the transmoH 
revers-biased. The reverse-biased drain junction then coiiductt a "^"J"""! 
current which is drawn bom the power supply. Consider a CMOS inverts » JJl 
input voltage, where flie nMOS transistor is tunied on and the output iiode volU^ 
discharged to reio. Although tiie pMOS transistor is turned off, there will be a revea 
potential difference of between ite drain and ti» n-well. causing a ^^^J^*' 
titroagh the drain junction. The n-wdl region of the pMOS transBtor is also reve 
biased wiUi V„„ with respect to the p-type substrate. Therefor^ another signifie 
leakage current component exists because of the n-well junction (Fig. 

A simitar situation can be observed when the input voltage is zero, and Oie ou 
voltage is charged up to through the pMOS transistor. Thence ^^'^P^^^ 
difference between tiie oMOS drain region and the p-type substrate causes a revj 
leakage current which is also drawn firom the power supply (through tiie pM 

transistOT). . 
The reverae leakage current of a pn>junction is ^pressed oy 
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